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Biomass upgrading is a promising approach to face the current energy consumption and chemicals 
production. Lignocellulosic biomass residues have taken the lead in this field. In this study, hemp 
residue-based activated carbons (ACs) were prepared by H3PO4-assisted hydrothermal 
carbonization (HTC) using a low concentration of H3PO4 (25 wt. %). ACs with a high porosity 
development were obtained (SBET>1200 m
2 g-1), and they were subsequently functionalized with 
nitrogen groups using mild conditions. As-synthesized ACs were also heat-treated to enhance the 
electrical conductivity, improving the electrochemical performance. As a proof of concept, 
electrochemical capacitors (ECs) based on as-prepared ACs in aqueous and organic electrolytes, 
showing energy densities comparable to those of a capacitor based on an AC used in commercial 
capacitors. The most attractive outcome of this study is the straightforward, cost-effective, and 
sustainable methodology to prepare high added-value functional ACs with great potential for 
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1. Introduction  
The humankind can suffer severe health problems because the current contamination levels are 
continuously rising. Therefore, a great effort must be carried out to reduce them. One of the largest 
sources of contamination results from the use of fossil fuels for most of the energy production. 
Lignocellulosic biomass can be considered as a sustainable alternative to the use of fossil fuels 
because biomass is a natural, abundant, and renewable resource that can be an important 
contribution to the renewable energy mix. Moreover, it is the only sustainable and reliable carbon-
containing source for the industry, which could lead to the conversion of this lignocellulosic 
biomass into biofuels, energy and a wide range of carbon-based chemical products of high added 
value [1–6]. There are numerous processes (chemical, thermal, physical, etc.) to convert biomass 
into high added-value products [7]. These are used as a platform to produce chemicals for several 
industrial applications such as cosmetics, food additives, plastics, and so on [8–12].  
Biomass processing is mainly addressed to obtain products in both the liquid and gas phases. 
Further benefits could be achieved by also considering the solid phase, which is usually discarded. 
Some decomposition processes of biomass can generate a solid residue, so-called biochar, from 
which outstanding carbon materials can be developed [13–15]. Thus, an approach to use 
lignocellulosic biomass in the production of carbon materials paves the way towards the 
optimization of biomass upgrading. In this sense, there are several well-known processes to 
prepare biomass-based carbon materials, being the hydrothermal carbonization (HTC) in the 
spotlight [16–18]. The HTC is carried out at low temperatures (~ 200 ºC) and self-generated 
pressure using a close-up vessel, and different biomass precursors can be used. All these aspects 
make HTC a promising alternative from the industrial viewpoint to produce low-cost high-
performing biomass-based carbon materials. They have been applied in important areas such as 
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catalysis, adsorption, energy generation, and storage devices, etc. [19–21]. However, the low 
porosity of the resulting biochars implies the use of a subsequent activation step to develop their 
porosity [22–25]. 
The use of biomass-derived carbon materials in energy storage devices, more specifically 
supercapacitors (SC), has received great attention. The performance of these devices depends, to 
a great extent, on the design and development of carbon materials used as electrodes. In this 
context, the carbon electrode must fulfil some features such as high surface area, suitable porosity, 
high conductivity, high electrochemical stability, and tuneable surface chemistry, among others 
[26–31]. Besides, the cost should also be considered since it is one of the more important 
contribution to the SC price.  Among the chemical activating agents commonly used to prepare 
biomass-based carbon materials, H3PO4 favors aromatization and condensation reactions and can 
lead to micro-mesoporous carbon materials [18,32–35]. Additionally, a positive aspect of this 
activation method is its lower polluting effect compared to other chemical activating agents; 
moreover, H3PO4 can be reused after recovering it during the washing step. Unfortunately, the 
main disadvantage of H3PO4 activation lies in increasing the cost of production as a consequence 
of a large number of washing steps and the need for recovering the high H3PO4 concentration 
necessary for the activation. An interesting approach to increase the yield and reduce the cost of 
the conventional H3PO4 activation of biomass, which uses a high concentration of H3PO4, is the 
combination of HTC and H3PO4 activation. Previous studies have demonstrated that H3PO4-
assisted HTC can offer an interesting route in the synthesis of highly porous carbon materials, 
improving the impregnation of the biomass precursor and producing higher yields and better 
porosity development while using low concentration H3PO4 solutions. [18,36–38]. 
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Surface chemistry is another important feature that determines the stability of the carbon 
electrode. Surface functional groups may increase the reactivity with the electrolyte, which results 
in the degradation of the carbon electrode; however, other surface functionalities display a 
stabilizing effect [39,40]. Recent studies have demonstrated that specific nitrogen groups can 
modify the wettability, conductivity, and electrochemical stability of the material [39,41–45]. 
Hence, the use of N-containing precursors or post-treatment procedures to incorporate N-
functionalities is an alternative to improve carbon materials for SC applications [46,47]. However, 
some post-treatment methods use toxic gases or the textural properties of the activated carbon are 
significantly modified [45,48]. Then, the chemical modification using a treatment with nitrogen-
containing compounds, which does not damage the porous texture under easy operation and mild 
temperature conditions is desirable [43,45]. 
Considering all the above-mentioned aspects, in the present work, we focused on the 
preparation of low-cost biomass-derived carbon materials by H3PO4-assisted HTC and subsequent 
N-doping using mild conditions. This protocol is a sustainable route to obtain high-performing 
biomass-based carbon materials for their use as electrodes in supercapacitors. In this study, hemp 
residue was utilized as a biomass source and diluted H3PO4 solutions (25% w/w) as activating 
agent. As-synthesized carbon materials have been modified using heat treatment and mild organic 
reactions to introduce nitrogen groups, showing a remarkable improvement in their 
electrochemical performance. Furthermore, a commercial activated carbon (WV-A1100, 
MeadWestvaco. Corp.) obtained from wood by conventional H3PO4 activation was used for 
comparison purposes. The most attractive point of this eco-friendly approach is the straightforward 
methodology for preparing low cost biomass-based carbon materials with electrochemical 
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performance as a supercapacitor electrode similar to that of an activated carbon used in commercial 
supercapacitors (YP-50F, Kuraray Chemical Co.). 
2. Experimental 
2.1 Activated hydrothermal carbon and thermal treatment 
An activated carbon was prepared by H3PO4-assisted HTC using biomass precursor (hemp 
residue) using a methodology similar to that previously described [18]. The synthesis procedure 
was as follows: 1 g of precursor and 4 g of a 25 wt. % aqueous solution of H3PO4 were placed into 
a 50 mL Teflon‐lined stainless‐steel autoclave. Then, the autoclave was closed and heated at 200 
°C for 24 h. The resulting hydrochar was heated at 450 °C under a constant flow of N2 (50 mL 
min-1) for 2 h in a tubular oven. As-synthesised activated carbon was washed with distilled water 
at 65 °C to remove the activating agent. Finally, the activated carbon was dried at 110 °C for 12 h. 
The activated carbon was named as HTC_HR_450 (HR refers to hemp residue). The yield of the 
AC preparation is 40 wt%. A commercial activated carbon (WV-A1100, MeadWestvaco Corp.), 
which is prepared by conventional chemical activation with H3PO4 using wood as precursor, was 
used for comparison purposes. In addition, both activated carbons mentioned above were heat-
treated at 900 °C for 15 min under N2 atmosphere (80 mL min
-1). The resulting samples were 
named as HTC_HR_450_TT and WV-A1100_TT, respectively.  
2.2 Nitrogen chemical functionalization of activated carbons 
The modification of the surface chemistry of all activated carbons through N doping, was 
carried out using an organic reaction under mild temperature conditions. This procedure is briefly 
described below [44]: (i) 45 mL of 2 M NH4NO3/DMF solution were prepared in a round bottom 
flask. Then, 300 mg of activated carbon were added under constant stirring. (ii) A volume of 45 
mL of pyridine was added dropwise at room temperature. (iii) The resulting mixture was kept 
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under stirring at 70 °C for 65 h. The N-containing activated carbons were washed with abundant 
water and EtOH, filtered and dried at 110 °C for 12 h. The functionalized samples were denoted 
by adding an “N” to the previously mentioned nomenclature of the samples. 
2.3 Physicochemical characterization of activated carbons  
The porous texture of the activated carbons was determined by the physical adsorption of N2 at 
-196 °C by using an automatic adsorption system (Autosorb-6B, Quantachrome). The samples 
were outgassed at 200 °C for 6 h. The apparent surface area was calculated using the Brunauer-
Emmett-Teller (BET) method in the relative pressure range of 0.05 to 0.17. The total micropore 
volume (VDR N2) was determined by the application of the Dubinin–Radushkevich (DR) equation 
to the N2 adsorption isotherm at -196 ºC. Mesopore volume was determined by calculating the 
difference between the volume of N2 adsorbed at a relative pressure of 0.95 and the volume of 
micropores present in the samples [49]. The pore size distribution was determined from the N2 
adsorption isotherms applying the 2D-NLDFT heterogeneous surface model using SAIEUS 
software [50] (available online at http://www.nldft.com/). 
The proximate analysis of all activated carbons was performed in a thermogravimetric analyzer 
(TA instruments, SDT 2960). All samples were heated up to 120 °C with a heating rate of 20 °C 
min-1 using a N2 flow of 100 mL min
-1 for 30 min and then heated at 800 °C. At this point, moisture 
and volatile compound content were quantified in each sample. Finally, the gas flow was changed 
to air and ashes and fixed carbon content was determined [51]. 
Regarding the surface chemistry, temperature programmed desorption (TPD) measurements 
were performed in a DSC-TGA equipment (TA instruments, SDT Q600) coupled to a mass 
spectrometer (Thermostar, Balzers, BSC 200). All samples were heated at 950 °C with a heating 
rate of 20 °C min-1 under a helium flow rate of 100 mL min-1. X-ray photoelectron spectroscopy 
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(XPS) experiments were performed in a spectrometer (VG-Microtech Multilab 3000). N1s spectra 
were deconvoluted by fitting with a combination of Gaussian functions with a Lorentzian 
component. The FWHM of the peaks was fixed between 1.4 and 1.7 eV and a Shirley line was 
used to estimate the background signal. 
2.4 Electrochemical characterization 
2.4.1 Three electrode cell configuration 
Disc-shaped electrodes were prepared by mixing activated carbon (AC), acetylene black (AB) 
and binder (PTFE), in a ratio of 90:5:5 wt. %. The as-prepared electrode was pressed onto a 
titanium mesh (current collector) at 2 tons for 2 minutes to ensure a homogeneous thickness. The 
weight and the diameter of the electrode were approximately 6 mg and 10 mm, respectively. Before 
the electrochemical measurements, the electrodes were impregnated with sulphuric acid aqueous 
solution (1 M H2SO4) for 1 day. 
The electrochemical characterization of the electrodes was performed with a multichannel 
potentiostat (VSP Biologic) in a standard three-electrode cell using an Ag/AgCl (3 M KCl) 
reference electrode and a platinum wire as the counter electrode. The electrochemical behavior 
was evaluated by cyclic voltammetry at different scan rates and capacitance values were calculated 
from the voltammogram. 
2.4.2 Two electrode cell configuration 
Symmetric capacitors were assembled in both aqueous and organic electrolytes using a two-
electrode cell configuration (Swagelok®). The electrodes in aqueous electrolyte were prepared 
following the same methodology described in section 2.4.1 with approximately 1.5 mg and a 
diameter of 5 mm. However, in the case of organic electrolyte the ratio of AC:AB:PTFE was 
85:10:5 wt. % and the weight and the diameter were 1.1 mg and 6 mm, respectively. A conducting 
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adhesive was used to join the electrode with the current collector (stainless steel), and then these 
were strongly pressed against each other separated by a nylon membrane (Teknokroma, pore size: 
450 nm) for capacitors in aqueous electrolyte and a glass microfiber membrane (Whatman GF/D, 
thickness: 675 µm) for capacitors in organic electrolyte. The capacitors in organic electrolyte were 
assembled in an Argon glovebox. All devices were characterized by cyclic voltammetry at 
different scan rates and galvanostatic charge-discharge (GCD) cycles at different current densities 
using a multichannel potentiostat (Biologic VSP). Moreover, durability tests of 5000 GCD cycles 
were performed to evaluate the stability in a potential window of 1.1 V at 1 A g-1 in aqueous 
electrolyte (1 M H2SO4), while supercapacitors in the organic electrolyte (1M TEMA-BF4/PC) 
were assessed in a potential window of 2.5 V at 1 A g-1 using an Arbin SCTS potentiostat. Specific 
capacitance was referred to the total active mass of the carbon material in each cell following the 
equation (1).  
𝐶 = (𝐼∆𝑡) (𝑚∆𝑉)⁄           (1) 
To obtain the capacitor performance, the energy density and the power density were calculated 
in the same manner as it was reported in previous studies [44]. The energy density (E, Wh kg-1) is 
determined from the discharge cycle using the following equation (2): 
𝐸 = ∫ 𝑉𝑑𝑄
𝑄
0
          (2) 
Where V is the voltage and Q is the stored charge. 




          (3) 
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Where E is the stored energy and td is the discharge time (h). In addition, energy efficiency and 








∗ 100          (5) 
Where Ec is the energy stored during the charge process, Ed is the energy stored during the 
charge process, Cc is the capacitance of the charge and Cd the capacitance value obtained from 
the discharge curve.  
3. Results and discussion 
3.1  Porous texture and surface chemistry characterization 
 
Figure 1 shows the adsorption-desorption isotherms of N2 and the pore size distribution of two 
series of activated carbons. Figures 1a and 1c compiles the results of activated carbons prepared 
by H3PO4-assisted HTC of hemp residue as well as the functionalized counterparts, while the 
results of a commercial activated carbon (WV-A1100) and its derivatives are plotted in Figures 1b 
and 1d. The figure also includes for comparison purposes the isotherm for commercial YP50F 
activated carbon. All isotherms show large N2 uptakes at low relative pressures, which are 
characteristic of microporous solids (type I isotherm) [49]. Moreover, a hysteresis loop can be seen 
for the commercial activated carbon (WV-A1100) and its functionalized counterparts, which is 
related to the presence of mesopores, indicating that these isotherms correspond to the combination 
of type I and IV isotherms (Figure 1b). The slope of the isotherm at relative pressures above 0.2 
and the small hysteresis loop for HTC_HR_450 and HTC_HR_450_N, are due to some 
mesoporosity contribution (Figure 1a). However, the contribution from mesopores disappears in 
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these samples after heat treatment indicating that some material reorganization takes place 
considering the low activation temperature used [52]. However, for WV-A1100 derived heat-
treated materials the porosity shrinkage is clear but they still contain significant mesoporosity 
contribution. Regarding the pore size distributions (PSDs), activated carbons derived from WV-
A1100 show a bimodal distribution with a first peak at around 1 nm and a region of pore sizes 
higher than 2 nm (see Figure 1d), arising from the presence of mesopores. However, PSDs of 
activated carbons obtained from the hemp residue only display a peak centered at 1 nm although 
the PSD is narrower for the heat treated samples. The PSDs for activated carbons derived from 
hemp residue are quite similar to that for the commercial YP50F material. 
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Figure 1. N2 adsorption isotherms at -196 °C and pore size distribution for all activated carbons 
(a, c) activated hydrothermal carbon (HTC_HR_450) and the modified counterparts. (b, d) WV-
A1100 (commercial) and the modified counterparts. 
Table 1 summarizes the porous texture properties of all activated carbons. WV-A1100 has the 
highest surface area (1800 m2 g-1) and mesopore volume (Vmeso N2), while the activated carbon 
prepared by H3PO4-assisted HTC has a SBET and pore volume values which are close to those of 
the commercial YP50F sample. It should be highlighted that our synthesis HTC protocol leads to 
biomass-based activated carbons comparable to those of conventional H3PO4 activation in terms 
of porous texture. However, the present protocol used lower concentration of H3PO4 (25wt% 
compared to above 50wt% typically used), resulting in more cost-effective and environmentally 
friendly carbon materials. The heat treatment performed on both activated carbons (WV-A1100 
and HTC_HR_450) leads to a slight decay in the apparent surface area as a consequence of the 
shrinkage of the porosity (Table 1). After nitrogen chemical functionalization, some decrease in 
porosity is observed, which can be mainly attributed to the partial blocking or filling of the porosity 
by the generation of functional groups [43]. Despite of the nitrogen functionalization treatment, 
the resulting activated carbons retained more than 90 % of the original porous texture in agreement 
with a previous study [44]. 
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HTC_HR_450 1630 0.78 0.08 - 0.29 320 2370 3010 
HTC_HR_450_N 1400 0.66 0.07 1.8 0.15 470 1620 2560 
HTC_HR_450_TT 1463 0.67 0.01 - 0.44 121 1278 1520 
HTC_HR_450_TT_N 1243 0.57 0.02 1.7 0.46 130 1033 1293 
WV-A1100 1800 0.91 0.27 - 0.80 680 530 1890 
WV-A1100_N 1670 0.84 0.24 1.6 0.52 630 420 1680 
WV-A1100_TT 1460 0.73 0.17 - 0.58 90 950 1130 
WV-A1100_TT_N 1270 0.62 0.14 1.9 0.48 310 150 770 
YP50F 1680 0.73 0.05 - - 160 520 840 
 
From the proximate analysis of all activated carbons (see Table 2), it was observed that 
activated carbon prepared by H3PO4-assisted HTC displayed slightly higher percentage of fixed 
carbon and lower ash content than WV-A1100. This is attributed to the more improved 
impregnation of the activating agent during the hydrothermal treatment that makes the activation 
process more efficient. This also results in higher yields than those obtained from conventional 
H3PO4 activation of biomass residues [18].  
The heat treatment up to 900 ºC carried out on both activated carbons (samples 
HTC_HR_450_TT and WV-A1100_TT) resulted in a decrease of volatile matter, as expected due 
to the much lower temperature used during the activation (450 ºC versus 900 ºC). The heat 
treatment produces further carbonization and structural changes in the material. The increase in 
the amount of fixed carbon indicates that activated carbons with higher aromaticity and structural 
order are obtained. 
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Regarding the N-functionalized samples, it can be seen that the amount of volatile matter 
increases due to the introduction of nitrogen functional groups on the surface of the activated 
carbon. The ash content in the as prepared AC could be due to the presence of phosphorus 
containing groups, which are incorporated into the activated carbon during the activation step [18], 
although other inorganic compounds present in the biomass precursor cannot be ruled out. 
Interestingly, the nitrogen functionalization method used produces an important decrease in the 
ash content, especially in the non-heat treated activated carbons. 
Table 2. Proximate analysis for the activated carbons 
Sample Volatiles (wt. %)* Fixed carbon (wt. %)* Ash (wt. %)* 
HTC_HR_450 9.3 88.4 2.3 
HTC_HR_450_N 12.7 87.2 0.1 
HTC_HR_450_TT 3.1 94.0 2.9 
HTC_HR_450_TT_N 6.6 91.3 2.1 
WV-A1100 9.9 85.3 4.7 
WV-A1100_N 13.8 85.5 0.7 
WV-A1100_TT 2.3 93.0 4.7 
WV-A1100_TT_N 8.2 90.1 1.7 
* Dry basis. 
 
Concerning the surface chemistry, Figure 2 shows the XPS spectra of the N 1s of all 
functionalized activated carbons, which are deconvoluted into several peaks related to the different 
nitrogen groups. From the XPS data (see Table 1), it was observed a similar nitrogen content 
(approx. 2 at. %) in all activated carbons after the chemical functionalization under mild 
conditions. Additionally, Table 1 compiles the quantification of oxygen groups from TPD 
measurements of all activated carbons, which show a decrease in the amount of oxygen after 
functionalization treatment due to the reaction of these surface oxygen groups with the nitrogen 
reactants. The main decrease in oxygen functional groups occurs mainly in CO-evolving groups 
(phenol and carbonyl groups) (see Figure 3). The anchorage of nitrogen groups by consumption 
of oxygen functional groups has been demonstrated in previous works [41,43,44]. The 
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chemisorption of pyridine and DMF under these experimental conditions is negligible and was 
confirmed in previous work by immersing the pristine carbon in pyridine and washing using 
analogous processes to those performed for the doping of the ACs [44]. The results indicate that 
the N moieties detected on the carbon materials are consequence of organic reactions between the 
carbon material and the nitrogen reactants through conversion of CO evolving groups.  
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Figure 2. N1s XPS spectra of activated carbon a) HTC_HR_450_N b) HTC_HR_450_TT_N c) 
WV-A1100_N and d) WV-A1100_TT_N. 
The assignment of the deconvoluted peaks to the different nitrogen functional groups was 
carried out according to previous studies  [43,44,53–55]. The N 1s spectrum of HTC_HR_450_N 
was deconvoluted into three peaks at 398.4 and 400.8 eV, assigned to imines/pyridines, and 
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pyridone/pyrrole groups, respectively, and the last one at 399.5 eV assigned to amines, amides or 
cyclic amides [43,53–57]. WV-A1100_N displayed the same contributions as HTC_HR_450_N 
but their peak positions are slightly shifted to higher binding energies. Concerning the heat-treated 
samples, both HTC_HR_450_TT_N and WV-A1100_TT_N, were also deconvoluted into three 
peaks. HTC_HR_450_TT_N presents two similar peaks at 398.8 and 399.8 eV associated to 
pyridine/imine and amines, amides or cyclic amides, respectively and a peak at higher binding 
energy (400.8 eV) attributed to pyridone/pyrrole groups. 
TPD data in Table 1 shows that N functionalization occurs through reaction with oxygen 
functional groups, mainly with CO-type groups which are the most abundant. Figure 3 shows the 
CO2 and CO TPD profiles for all activated carbons. It can be seen that HTC_HR_450 is rich in 
phenol groups, which evolve as CO between 600 ºC and 700 ºC, and in carbonyl groups that are 
desorbed at around 800 ºC [58–60]. Moreover, CO-evolving groups at lower temperatures (<600 
ºC) were observed, which can be attributed to the presence of anhydride groups that decompose 
forming one CO and one CO2 molecule. This is in agreement with the CO2 profile of 
HTC_HR_450 that shows CO2 desorption between 400-600 ºC [58–60]. In agreement with the 
heat treatment temperatures used, there is a small CO2 desorption between 200 ºC and 400 ºC that 
can be assigned to the presence of carboxylic groups [58–60].  
After functionalization (HTC_HR_450_N sample), the evolution of CO decreased significantly 
at temperatures over 600 ºC revealing that phenol and carbonyl groups were consumed during the 
functionalization reactions. It confirms that substitution and condensation reactions occur through 
surface oxygen groups giving rise to the generation of nitrogen groups [41,43,44]. Amine groups 
can be generated from phenol groups, while the formation of pyrrole, pyridine and imines involves 
carbonyl groups. Additionally, from the imines, condensation reactions with aldehydes or ketones 
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can be produced, thus forming aromatic nitrogen heterocycles, which can be pyrroles or pyridines 
depending on the distance at which the carbonyl groups are found [41,43,44]. Phosphorus-
containing groups can also contribute to the nitrogen functionalization through similar reactions, 
what is in agreement with the observed decrease in ash content in the functionalized samples 
(Table 2). Similar conclusions can be deduced for WV-A1100 sample although the changes in the 
TPD are not so important as with HTC_HR_450 sample because the oxygen content is smaller 
(see Table 1).  


































     




































































     






































The profiles corresponding to the heat-treated activated carbons (samples HTC_HR_450_TT 
and WV-A1100_TT) show, as expected, an important decrease in the amount of functional groups. 
As explained previously, the nitrogen functionalization (samples HTC_HR_450_TT_N, and WV-
A1100_TT_N) produces a decrease in the CO-evolving groups, showing that the substitution 
reactions occur mainly through carbonyl groups. However, reaction with P-O species forming P-
N functionalities cannot be discarded. Interestingly, the surface chemistry of WV-A1100_TT_N 
in terms of CO and CO2 type groups is very similar to that of commercial YP-50F sample. 
3.2 Electrochemical characterization 
3.2.1 Characterization in aqueous electrolyte 
Figure 4 shows the cyclic voltammograms of each activated carbon studied in this work in acid 
aqueous electrolyte in a potential window between -0.2 and 0.6 V vs Ag/AgCl. The 
voltammograms of HTC_HR_450 and its derivatives show a quasi-rectangular shape (see Figure 
4a). It indicates that the double-layer formation is the main contribution to the total capacitance 
with a value of 141 F g-1 for this sample. The voltammogram of HTC_HR_450 also presents a 
small redox process at around 0.15 V in the forward scan, which is assigned to the 
pseudocapacitive contribution of surface oxygen groups [61]. The functionalized activated carbon 
(HTC_HR_450_N) and those obtained after heat treatment and functionalization (samples 
HTC_HR_450_TT and HTC_HR_450_TT_N) displayed a decrease in the capacitance compared 
to sample HTC_HR_450. This is due to changes in porosity and, especially, in surface chemistry. 
Both, functionalization and heat treatment, remove CO-type groups which can contribute to the 
pseudocapacitance. As expected, the samples heat treated up to 900 ºC present voltammograms 
with a more rectangular shape due to increase in the structural order and removal of electron-
withdrawing oxygen groups [62–64]. This improvement in electrochemical properties is clearly 
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observed with a higher retention of capacitance with increasing scan rate (see Table S1). 
Interestingly, the highest retention of capacitance is achieved for the heat-treated sample after N 
functionalization, demonstrating the positive effect of N doping in the electrical conductivity of 
carbon materials [41]. In the case of sample WV-A1100, the functionalized and heat-treated 
materials, the results obtained are similar to those explained before.  




























































Figure 4. Steady cyclic voltammograms in 1M H2SO4 solution of (a) HTC_HR_450 (AC prepared 
by H3PO4-assisted HTC) and its counterparts. (b) WV-A1100 (commercial AC) and its modified 
counterparts. Scan rate: 1 mV s-1. 
The materials have also been characterized in wider potential windows. Cyclic voltammograms of 
all activated carbons did not show substantial differences at upper and lower potential limits when 
comparing samples prepared at low temperatures and after heat treatment at 900 ºC. After heat 
treatment at high temperatures, the (HTC_HR_450_TT) exhibit a better electrochemical 
performance (see Table S1). Furthermore, it can be observed that pseudocapacitive processes 
associated to the presence of oxygen groups almost disappear after combination of both the heat-
treatment and the nitrogen. 
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Figure 5. Galvanostatic charge-discharge curves for the symmetric capacitors based on 
HTC_HR_450_TT and HTC_HR_450_TT_N at different current densities: (a) 0.1 A g-1 and (b) 1 
A g-1. (c) Ragone plot at 1.0 V for both symmetric capacitors. Electrolyte: 1 M H2SO4 solution. 
To determine the behavior of the activated carbons as supercapacitor electrodes, they were 
characterized in a symmetric two-electrode cell configuration by chronopotentiometry at different 
current densities in aqueous electrolyte (1M H2SO4). Symmetric capacitors based on the heat-
treated activated carbons (HTC_HR_450_TT and WV-A1100_TT) and their functionalized 
counterparts displayed better performance than their respective original activated carbons. In fact, 




Figures 5a and 5b show the galvanostatic charge-discharge curves of symmetric capacitors 
based on HTC_HR_450_TT and HTC_HR_450_TT_N at different current densities. It should be 
noted that HTC_HR_450_TT based capacitor exhibited slightly higher capacitance than the 
capacitor based on HTC_HR_450_TT_N, in agreement with the higher surface area of this 
material. Additionally, it can be seen that charge-discharge profile of HTC_HR_450_TT_N-based 
symmetric capacitor exhibited a triangular shape at 0.1 A g-1, while HTC_HR_450_TT-based 
symmetric capacitor presented a slight deviation, resulting in a lower reversibility during the 
cycling process that can be associated with a lower occurrence of faradaic reactions. At high 
current density, HTC_HR_450_TT_N based capacitor displays a lower ohmic drop due to the 
decrease of resistance caused by the N doping treatment (see Figure 5b). This result supports the 
beneficial effect of N-doping since it may increase the electrical conductivity of the material and 
improve the wettability [41]. Symmetric capacitors based on WV-A1100_TT and WV-
A1100_TT_N displayed the same electrochemical behavior (see Figure S1).  
Figure 5c shows the Ragone plot for HTC_HR based samples. It demonstrates that 
HTC_HR_450_TT_N-based symmetric capacitor provides higher energy density than capacitor 
based on HTC_HR_450_TT at high power conditions. In addition, the energy efficiencies in both 
HTC_HR_450_TT_N and WV-A1100_TT_N-based symmetric capacitor increased around 6 % 
compared to those of capacitors based on HTC_HR_450_TT and WV-A1100_TT (calculated for 
a current of 0.1 A/g).  
In order to get further insights, durability tests were performed in a continuous galvanostatic 
charge-discharge experiment at 1 A g-1 for 5000 cycles (graph not shown). They revealed that 
HTC_HR_450_TT_N-based capacitor retained nearly 100% of the initial capacitance, while the 
capacitor based on non-functionalized carbon material kept only 81 %. The results show that 
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capacitors based on functionalized activated carbons provide higher energy density under high 
power conditions, as well as greater energy efficiency (see Table S2 for both AC based materials). 
These results confirmed that both the heat-treatment and the chemical functionalization improved 
the electrochemical stability of HTC_HR_450_TT_N and WV-A1100_TT_N when used in 
aqueous electrolyte. This improvement can be associated to the introduction of nitrogen groups 
such as pyrroles, pyridones, and pyridines, which increase the electrochemical stability, wettability 
and electrical conductivity, and the decrease of oxygen groups that can lead to the degradation of 
carbon material or decrease of electrical conductivity [39,43,44]. 
3.2.2 Symmetric capacitor in organic electrolyte 
In order to demonstrate the applicability of the biomass-based carbon material synthesized in 
this work, as well as to emphasize the beneficial effect of modifying carbon materials with nitrogen 
groups through organic reactions under mild conditions, the performance of the developed carbon 
materials-based capacitors in organic electrolyte was evaluated. Figures 6a and 6b show the 
galvanostatic charge-discharge cycles of symmetric capacitors based on HTC_HR_450 and WV-
A1100 and their modified counterparts, in organic electrolyte at 0.25 A g-1and Table 3 contains a 
summary of the parameters of the capacitors during the first cycles and it also includes the retention 
of capacitance after the durability test. The figure and the table also contain the results for a 
symmetric capacitor built with commercial YP50F activated carbon. 
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Figure 6. Galvanostatic charge-discharge cycles of the symmetric capacitors of (a) activated 
hydrothermal carbon (HTC_HR_450) and their modified counterparts and YP50F (b) WV-A1100 
(commercial) and their modified counterparts and YP50F (j = 0.25 A g-1). Ragone plot of 
symmetric capacitors at 2.5 V (c, d). Electrolyte: 1M TEMA-BF4/PC. 
It can be observed that all symmetric capacitors, when measured at low currents, exhibited a 
triangular shape similar to that of capacitor based on YP50F, which is an activated carbon specially 
used in commercial capacitors in organic electrolyte (Figures 6a and 6b). Furthermore, their 
performance during the first charge-discharge cycles is very similar to YP50F-based capacitor 
(Table 3), especially for those materials which have similar porosity and surface area (i.e., 
HTC_HR-450 and WV-1100). Moreover, it should be mentioned that energy efficiencies for all 
samples are comparable to that of YP50F-based capacitor (see Table 3). 
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 Table 3. Power and energy density values of the symmetric capacitors by galvanostatic charge-discharge 
cycles at 2.5V. Electrolyte: 1M TEMA-BF4/PC, j= 0.25 A g-1. 
Capacitor 
C /  
F g-1 
E /  
Wh kg-1 








Cf / C0 
(%) 
HTC_HR_450 25 21.9 0.31 98 87 73 
HTC_HR_450_N 25 22.6 0.32 98 90 68 
HTC_HR_450_TT 23 18.6 0.28 97 83 79 
HTC_HR_450_TT_N 22 17.9 0.28 99 85 86 
WV-A1100 25 21.4 0.30 99 86 70 
WV-A1100_N 25 21.8 0.30 98 86 70 
WV-A1100_TT 22 17.6 0.29 99 85 87 
WV-A1100_TT_N 22 18.6 0.30 99 89 90 
YP50F 25 21.7 0.31 98 89 97 
 
Figures 6c and 6d show the Ragone plots of the symmetric capacitors. It can be seen that the 
activated carbons derived from HTC_HR_450 have a slightly lower performance in terms of 
energy density at high power demand with respect to the YP50F performance. This may be 
attributed to the textural properties because the HR-derived activated carbons have narrower PSD 
than YP50F. Sample HTC_HR_450 presents the worst performance since this material is the one 
with the lowest structural order and the highest amount of oxygen groups (see Table 1). The effect 
of N functionalization is clearly observed when sample HTC_HR_450 is compared with 
HTC_HR_450_N (Figure 6c). In the case of pristine WV-A1100 sample, the decrease in energy 
with power is more important and similar to what was observed with HTC_HR_450 sample. For 
capacitors based on WV-A1100-derived ACs (Figure 6d) when specific current increased (high 
power demand), the energy density did not decay significantly compared to HTC_HR_450-derived 
ACs, indicating the beneficial effect of mesoporosity of WV-A1100-derived ACs when using 
organic electrolytes. It must be noted that the performance of these materials is close to the 
commercial AC in spite of their lower porosity (especially for the heat treated materials), 
demonstrating the positive role of a wide pore size distribution with some mesoporosity 
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contribution in the case of organic electrolytes. YP-50F has an essentially microporous character 
without significant mesoporosity contribution. 
Durability tests were also performed by galvanostatic charge-discharge experiments at 1 A g-1 
for 5000 cycles (see Figure S2 and Table S3). Table 3 shows the values of retention of capacitance 
after durability test and Figure 7 contains the charge-discharge experiments and the Ragone plots 
after durability test. The results show that the heat treated materials after functionalization with N 
have higher retention of capacitance (Table 3). The effect of both heat treatment and N 
functionalization, which increase the structural order and decrease reactivity of the materials (due 
to the changes in surface chemistry), explain the good performance of these activated carbons, 
becoming comparable compared to the commercial AC. Among them, the commercial activated 
carbon WV-A1100 after heat treatment and functionalization produces the best results in terms of 
energy, power and durability, with a performance very close to the YP50F material (Table 3 and 
Figure 7). In this case, not only the above mentioned properties explain the remarkable 
performance, but also the mesoporosity contribution that, in organic electrolyte, is a positive factor 




























     

































































Figure 7. Galvanostatic charge-discharge cycles of the symmetric capacitors after durability test 
of (a) activated hydrothermal carbon (HTC_HR_450) and their modified counterparts and YP50F 
(b) WV-A1100 (commercial) and their modified counterparts and YP50F (j = 0.25 A g-1). Ragone 
plot of symmetric capacitors at 2.5 V after durability test (c, d). Electrolyte: 1M TEMA-BF4/PC. 
4. Conclusion 
The results show that from low cost AC prepared by H3PO4 and after application of 
straightforward methods like heat treatment in inert atmosphere and N-doping at mild conditions, 
AC for supercapacitors with comparable properties to the commercial AC, can be obtained. The 
heat treatment permits an increase in the structural order and the removal of oxygen functional 
groups that increase electrical conductivity and electrochemical stability. The N-doping allows us 
to refine the chemical and electrochemical properties since it improves electrical conductivity and 
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electrochemical stability. This approach results in higher yields of activated carbon compared to 
conventional carbonization followed by physical activation with steam (above 30 wt% for a 
conventional H3PO4 activation versus less than 10 wt% for physical activation, both calculated 
with respect to the mass of precursor) and the application of low cost treatments (compared to 
detailed purification and heat treatments applied for commercial AC for SC). The porous texture 
and surface chemistry obtained through this methodology can be close to the commercial AC.  
Another important aspect developed in this study that can be of interest from an application 
point of view is the use of phosphoric acid assisted HTC for AC preparation from biomass residues. 
This methodology permits the preparation of AC using lower concentrations of H3PO4 obtaining 
higher yields and higher porosity development. This is not only relevant from an economic point 
of view, but also an effective way of approaching a more environmentally friendly protocol. Due 
to the experimental conditions of the H3PO4-assited HTC, that is low H3PO4 concentration (25 
wt% versus higher than 50% in the conventional preparation method), the re-use of the activating 
agent in subsequent activation steps is easier and less energy demanding to achieve the necessary 
concentration.  
For all these reasons the materials developed in this study could pave the way for the preparation 
of green and cost-effective activated carbon materials from biomass residues for SC. It could be 
expected that the protocol herein applied could be used for the preparation of high-performance 
carbon materials for energy and environmental applications, which could be competitive in the 
marketplace.  
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Table S1. Capacitance at different scan rates and retention of capacitance of all samples 
Sample C / F g-1 at 1 mV s-1 C / F g-1 at 50 mV s-1 Cretention (%) 
HTC_HR_450 141 35 25 
HTC_HR_450_N 124 19 15 
HTC_HR_450_TT 121 54 45 
HTC_HR_450_TT_N 132 84 64 
WV-A1100 173 42 24 
WV-A1100_N 127 14 11 
WV-A1100_TT 162 109 67 
WV-A1100_TT_N 138 99 72 
 





















     
















































Figure S1. Galvanostatic charge-discharge curves for the symmetric capacitors based on WV-
A1100_TT and WV-A1100_TT_N at different current densities: (a) 0.1 A g-1 and (b) 1 A g-1. (c) 
Ragone plot at 1.1 V for both symmetric capacitors. 
Table S2.  Power and energy density values for the symmetric capacitors after durability test by 
galvanostatic charge-discharge cycles. Electrolyte: 1M H2SO4 solution. j= 0.1 A g-1. 







HTC_HR_450_TT 25 2.8 28.0 70 46 
HTC_HR_450_TT_N 28 3.3 40.3 91 69 
WV-A1100_TT 34 4.5 42.1 94 68 
WV-A1100_TT_N 30 4.3 45.0 97 77 
 
Table S3. Power and energy density values of the symmetric capacitors after durability test by 
galvanostatic charge-discharge cycles. Electrolyte: 1M TEMA-BF4/PC, j= 0.25 A g-1. 







HTC_HR_450 18 12.2 0.24 99 70 
HTC_HR_450_N 17 10.7 0.23 99 70 
HTC_HR_450_TT 19 14.1 0.26 99 75 
HTC_HR_450_TT_N 20 14.7 0.27 99 79 
WV-A1100 17 12.8 0.27 99 78 
WV-A1100_N 17 10.6 0.22 99 62 
WV-A1100_TT 19 15.7 0.29 99 84 
WV-A1100_TT_N 20 15.7 0.27 98 82 

























     






















Figure S2. Capacitance retention (C/C0) at 2.5V of (a) activated hydrothermal carbon 
(HTC_HR_450) and the modified counterparts and YP50F (b) WV-A1100 (commercial) and the 
modified counterparts and YP50F. j=1 A g-1 (5000 cycles). Electrolyte: 1M TEMA-BF4/PC 
 
 
